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Figure 1-2. Representative organocatalysts. 
[5]  
                                                        






















                                                        




1985 Schwesinger [12] 5
4



























• • • • •
 
Figure 1-4. Phosphazene bases. 
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Figure 1-5. Basicity of phosphazene bases resonance. 
 

































Figure 1-7. Generation of anions by metal base and phosphazene base. 
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Scheme 1-2. Chiral P1 phosphazene base-catalyzed enantioselective Henry reaction. 
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Scheme1-3. Chiral bisphosphazide-catalyzed enantioselective Michael addition reaction. 
Dixon 2013
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Figure 1-12. General synthetic method for P3 phosphazene base. 




Figure 1-13. Chiral bis(guanidino)iminophosphorane catalyst and enantioselective catalysis. 
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Figure 1-14. Synthetic guideline for catalyst A. 
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Figure 1-15. Synthetic strategy 1. 
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Figure 1-16. Synthetic strategy 2. 
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Figure 2-1. Design of chiral P3 phosphazene base catalyst 1 possessing spiro[6.6] skeleton. 



























Substrate Recognition via Two Hydrogen Bonds
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Figure 2-3. Model of conjugate acid of 1 (front view). 
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Figure 2-5. Synthetic strategy 1. 
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Figure 2-6. Synthetic strategy 2. 
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Scheme 2-1. Retrosynthetic analysis of 1a (R = H, Ar = Ph). 
1a R= H, Ar= Ph 2-2
5 4
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45 °C, 6 d toluene
0 °C to rt, 2 h
CH2Cl2

































65% yield (2 steps)













CH3CN, rt, 6 h
I-1
1a•HCl
estimated by 1H, 31P NMR, ESI-MS  
Scheme 2-2. Synthetic study for 1a. 
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Figure 2-8. ORTEP (left) and schematic (right) drawing of 6 with probability ellipsoids drawn at the 50% 

























































Figure 2-9. Hydrogen bonds between N-H hydrogen and chlorine. 
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Scheme 2-3. Plausible mechanism for P3 bisphosphazenium salt 6. 
Ha···Cl: 2.46 Å 
Hb···Cl: 2.71 Å 
Hc···Cl: 2.43 Å 
Hd···Cl: 2.59 Å 
He···Cl: 2.61 Å 
Hf···Cl: 2.41 Å 
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Scheme 2-4. Retrosynthetic analysis of 1b (R = Me, Ar = Ph). 
1b  
DPEN 9 2-5 DPEN
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9a (PG = Boc): 
9b (PG = Cbz):
HCHO aq. (8.0 eq.)
Et3N (2.0 eq.)
CH3OH, rt, 13 h 0 °C to rt, 9 h
NaBH4 (8.0 eq.)
PG
59% yield (3 steps)
76% yield (3 steps)
Boc
Cbz
HCl (1.0 eq.), Boc2O (1.5 eq.)
CH3OH/H2O, 0 °C to rt, 9 h
CbzCl (1.2 eq.), Et3N (1.5 eq.)
CH2Cl2, 0 °C to rt, 9 h
 
Scheme 2-5. Synthesis of 9a and 9b. 
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-20 °C, 6 h








8a (PG = Boc): 




















Scheme 2-6. Synthesis of 8a and 8b. 
8 Boc Cbz
8a 8b  















0 °C to rt, 1 h















CH2Cl2, rt, 1 h












































Scheme 2-7. Synthetic study for 1b from 8a. 
8a Boc 8a
I-6 Boc
                                                        























0 °C to rt, 3 d










































































Scheme 2-9. Synthetic study for 1b from 11. 
8b PG = Cbz  
8b Cbz 2-10 8b
Cbz Cbz I-9





0 °C to rt, 1 h

































H2, 5% Pd/C, CH3OH, rt, 48 h
TMSI (4.0 eq.), CH3CN, rt, 1 h 












Scheme 2-10. Synthetic study for I-9 from 8b. 
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Figure 2-9. Snythetic strategy 3. 
1b R= H, Ar= Ph 2-11 1b
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I-5 I-5
14a PG = Boc 14b PG = Cbz  
+
14a (PG = Boc):
14b (PG = Cbz):
i-Pr2EtN (5.0 eq.) CbzN3 (1.5 eq.)
9a, b
toluene
-20 °C to rt, 6 h
























77% yield (2 steps)
80% yield (2 steps)  






1. Cbz Boc  
2. Boc Cbz  
1. Cbz Boc  
Cbz 2-13 14a (II)
Cbz






































CH3CN, 0 °C, 5 h
HCl (40 eq.)



























Scheme 2-14. Synthetic study for 13 from 15. 
[4.4] 15
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CH3CN, 0 °C, 4 h
HCl (40 eq.)
CH2Cl2, 0 °C, 2 h
16
 










































Scheme 2-16. Synthetic study for 13 from 14b 
Table 2-1. Synthesis of 13 from 14b. 
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16 was mainly obtained.




























































13: not full conv.
16 was mainly obtained.
16 was mainly obtained.
temp.
0 to 50 °C 
0 °C
0 °C




















































































































X = N3, NH2
8 steps (X = N3)
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General Information: Infrared spectra were recorded on a JASCO FT/IR-4100 spectrometer.  1H NMR 
spectra were recorded on a JEOL JNM-ECS400 (400 MHz) spectrometer and JEOL JMTC-600 (600 MHz) 
spectrometer.  Chemical shifts are reported in ppm from the solvent resonance or tetramethylsilane (TMS) as 
the internal standard (CDCl3: 7.26 ppm, TMS: 0.00 ppm, DMSO: 2.5 ppm).  Data are reported as follows: 
chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, brs = broad, m = multiplet), and 
coupling constants (Hz).  13C NMR spectra were recorded on a JEOL JNM-ECS400 (100.5 MHz) 
spectrometer with complete proton decoupling.  Chemical shifts are reported in ppm from the solvent 
resonance as the internal standard (CDCl3: 77.0 ppm), and coupling constants (Hz).  31P NMR spectra were 
recorded on a JEOL JNM-ECS400 (162 MHz) spectrometer.  Chemical shifts are reported in ppm from 85% 
H3PO4 aq. as the external standard (H3PO4 in CDCl3: 0.0 ppm).  Data are reported as follows: chemical shift, 
multiplicity (s = singlet, d = doublet, t = triplet, brs = broad, m = multiplet), and coupling constants (Hz).  
X-Ray data were collected on a BrukerAXS APEXII diffractometer with graphite monochromated Mo-Ka 
radiation (0.71073 Å).  Optical rotations were measured on a JASCO P-1020 digital polarimeter with a 
sodium lamp and reported as follows: []T ºC D (c = g/100 mL, solvent).  Analytical thin-layer 
chromatography (TLC) was performed on Merck precoated TLC plates (silica-gel 60 GF254, 0.25 mm). Flash 
column chromatography was performed on silica-gel 60 N (Merck 230-400 mesh).  High-resolution mass 
spectral analysis was performed on a Bruker Daltonics solariX 9.4T spectrometer at the Research and 
Analytical Center for Giant Molecules, Graduate School of Science, Tohoku University. 
Materials: 2-Chloro-1,3-dimethyl-1,3,2-diazaphosphorane (3) and thiophosphoryl triazide (4) were prepared 
following the reported procedure.  Unless otherwise noted, all reactions were carried out under nitrogen 
atmosphere in dried glassware.  Dichloromethane, diethyl ether and toluene were supplied from Kanto 
Chemical Co., Inc. as “Dehydrated Solvent System”.  Other solvents were purchased from commercial 
suppliers as dehydrated solvents, and used under argon atmosphere.  Reagents were purchased from 





1. Synthetic study for chiral P3 phosphazene base 1 possessing spiro[6.6] skeleton 
2. Structure Determination of 6 by X-Ray Crystallographic Analysis 
3. Reference 






2-Chloro-1,3-dimethyl-1,3,2-diazaphospholidine (4)[1]: 1H NMR (400 MHz, CDCl3):  2.76 (6H, d, J = 15.0 














3: To a solution of freshly prepared thiophosphoryl triazide (5) (1.0 mmol) in acetonitrile (5.0 mL) was added 
4 (366 mg, 2.4 mmol) at 0 °C.  The reaction mixture was warmed to 45 °C and stirred for 6 d[3].  The 
reaction was quenched with sat. NH4Cl aq, and the mixture was extracted with dichloromethane.  The 
combined organic layer was washed with brine, dried over anhydrous Na2SO4, filtered, concentrated.  The 
residue was purified by column chromatography (hexane/ethyl acetate = 3/1 to 1/1) to give product 2 in 65% 
yield as a white solid.  Caution! This column chromatography should be conducted in a hood because some 
byproducts could be toxic.  1H NMR (400 MHz, CDCl3): 2.75 (12H, dd, J = 8.0, 13.4 Hz), 3.07-3.15 (4H, m), 
3.35-3.91 (4H, m); 13C NMR (100.5 MHz, CDCl3): δ 31.7, 46.4 (td, J = 3.8, 6.7 Hz); 31P NMR (162 MHz, 
CDCl3): 19.4 (d, J = 36.9 Hz), 37.6 (t, J = 36.9 Hz); IR (ATR) 2935, 2883, 2821, 2132, 1472, 1459, 1457, 













































6: To a solution of 3 (2.0 g, 4.5 mmol) in toluene (9.0 mL) was added oxalyl chloride (0.74 mL, 8.6 mmol) at 
0 °C.  After being stirred for 5 min, the reaction mixture was warmed to room temperature and stirred for 2 h.  
After removal of the organic solvent in vacuo, the mixture was added dichloromethane (10 mL).  This 
solution was added to a solution of (S,S)-1,2-diphenyl-1,2-ethanediamine (1.4 g, 6.8 mmol) and triethylamine 
(4.4 mL, 32 mmol) in dichloromethane (440 mL) at -78 °C via a cannula.  After being stirred for 30 min, the 
reaction mixture was warmed to 0 °C and stirred for 30 min.  Then, the mixture was refluxed for 60 h.  The 
reaction was quenched with 1 M hydrochloric acid.  The mixture was extracted with dichloromethane, and 
dried over anhydrous Na2SO4, filtered, concentrated.  The residue was purified by column chromatography 
(dichloromethane/methanol = 35/1 to 15/1).  A mixture of acetone and hexane was added to the obtained 
product and the resultant suspension was stirred for 2 h at room temperature.  Then, the suspension was 
filtered to give product 7 in 17% yield (calculated as X = Cl) as a white solid; [α]26D = +6.7 (c 1.01, CHCl3); 
1H NMR (600 MHz, CDCl3): 1.71 (12H, d, J = 10.8 Hz), 2.01 (12H, d, J = 10.2 Hz), 2.75-2.95 (16H, m), 3.74 
(4H, d, J = 3.6 Hz), 4.17 (4H, d, J = 2.4 Hz), 4.23 (4H, t, J = 13.2 Hz), 6.69 (4H, t, J = 12.3 Hz), 7.05 (8H, d, J 
= 7.2 Hz), 7.17 (8H, t, J = .7.2 Hz), 7.22 (4H, t, J = .7.2 Hz), 7.30 (4H, t, J = .7.5 Hz), 7.37 (8H, t, J = .7.5 Hz), 
7.83 (8H, d, J = .7.2 Hz); 13C NMR (100.5 MHz, CDCl3): δ 30.1 (d, J = 3.8 Hz), 31.5 (d, J = 6.7 Hz), 47.0 (d, 
J = 15.6 Hz), 47.3 (d, J = 12.5 Hz), 63.0 (d, J = 8.6 Hz), 66.3 (d, J = 6.6 Hz), 127.1, 127.3, 127.8, 127.9, 128.3 
(d, J = 6.7 Hz), 140.4 (dd, J = 11.5 Hz), 144.0; 31P NMR (162 MHz, CDCl3): 6.42 (t, J = 34.7 Hz), 13.1 (d, J = 
34.7 Hz); IR (ATR) 3227, 3064, 3028, 2879, 1496, 1472, 1457, 1455, 1433, 1380, 1354, 1294, 1255, 1165, 










tert-Butyl (1R,2S)-2-(methylamino)-1,2-diphenylethylcarbamate (9a): To a solution of 
(1S,2S)-1,2-diphenylethane-1,2-ethamediamine (2.1 g, 10 mmol) in methanol (10 mL) was added 0.5 M 
hydrochloric acid methanol solution (20 mL, 10 mmol) at 0 °C and the mixture was stirred for 15 min. at 
room temperature.  After being added water (6 mL), the solution was stirred for 30 min.  To the solution 
was added di-tert-butyl dicarbonate (3.4 mL, 15 mmol) in methanol (4 mL) and the reaction mixture was 
stirred for 9 h.  After removal of methanol, the mixture was basified with 3 M sodium oxide and extracted 
with dichloromethane.  The combined organic layer was dried over anhydrous Na2SO4, filtered, concentrated.  
To the residue was added methanol (50 mL), 37% formalin (6.0 mL, 80 mmol) and triethylamine (2.8 mL, 20 
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mmol) and the mixture was stirred for 13 h at room temperature,  And then, sodium tetrahydroborate (3.0 g, 
80 mmol) was added to a solution at 0 °C.  After being stirred for 9 h, the reaction mixture was quenched 
with sat. NH4Cl aq. and removed organic solvent.  The residue was basified with 3 M sodium oxide and 
extracted with dichloromethane.  The combined organic layer was dried over anhydrous Na2SO4, filtered, 
concentrated.  The residue was purified by column chromatography (hexane/ethyl acetate = 10/1 to 5/1) to 
give product 8a in 59% yield as white solid; 1H NMR (400 MHz, CDCl3):  1.34 (9H, brs), 1.48 (1H, brs), 










Benzyl (1S,2S)-2-(methylamino)-1,2-diphenylethylcarbamate (9b): To a solution of 
(1S,2S)-1,2-diphenylethane-1,2-ethanediamine (1.1 g, 5.0 mmol) and N,N-diisopropylethylamine (1.3 mL, 7.5 
mmol) in dichloromethane (25 mL) was added benzyl chloroformate (710 μL, 6.0 mmol) at 0 °C and reaction 
mixture was stirred for 9 h at room temperature.  The reaction was quenched with 1 M hydrochloric acid 
andevaporated.  The mixture was extracted with diethyl ether and the water layer was basified with 3 M 
sodium oxide.  The aqueous layer was extracted with dichloromethane and the combined organic layer was 
dried over anhydrous Na2SO4, filtered, concentrated.  To the residue was added methanol (25 mL), 37% 
formalin (3.0 mL, 40 mmol) and triethylamine (1.4 mL, 10 mmol) and reaction mixture was stirred for 13 h at 
room temperature. And then, mixture was added sodium tetrahydroborate (1.5 g, 40 mmol) at 0 °C.  The 
reaction mixture was stirred for 9 h and quenched with sat. NH4Cl aq and evaporated.  The mixture was 
basified with 3 M sodium oxide and extracted with dichloromethane.  The combined organic layer was dried 
over anhydrous Na2SO4, filtered, concentrated.  The residue was purified by column chromatography 
(hexane/ethyl acetate = 10/1 to 5/1) to give product 9b in 76% yield as white solid; 1H NMR (400 MHz, 

















Boc Boc  
8a: To a solution of 9a (297 mg, 2.0 mmol) and N,N-diisopropylethylamine (2.7 mL, 15 mmol) in toluene (10 
mL) and dichloromrthane (1 mL) was added 4 (490 mg, 1.5 mmol) and stirred for 6 h at -20 °C.  The mixture 
was added to freshly prepared 5 (0.70 mmol) in acetonitrile (3.5 mL) via cannula at 0 °C and the mixture was 
stirred for 6 h at room temperature.  After removal of the solvents, the residue was purified by column 
chromatography (hexane/ethyl acetate = 10/1 to 2/1) to give product 8a in 88% yield as white solid; 1H NMR 
(400 MHz, CDCl3):  1.39 (18H, s), 2.21 (3H, d, J = 10.5 Hz), 2.34 (3H, d, J = 10.5 Hz), 2.36 (3H, d, J = 11.0 
Hz), 2.44 (3H, d, J = 11.0 Hz), 2.61 (3H, d, J = 10.0 Hz), 2.72 (3H, d, J = 10.0 Hz), 3.00-3.37 (8H, m), 5.39 
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(1H, dd, J = 12.0, 10.0 Hz), 5.44 (1H, dd, J = 12.0, 10.0 Hz), 5.81 (1H, t, J = 12.0 Hz), 5.86 (1H, t, J = 12.0 
Hz), 6.30-6.45 (2H, m), 6.84-7.48 (20H, m); 31P NMR (162 MHz, CDCl3):  21.6 (dd, J = 42.6, 14.6 Hz), 23.7 
















Cbz Cbz  
8b: To a solution of 9b (297 mg, 2.0 mmol) and N,N-diisopropylethylamine (2.7 mL, 15 mmol) in toluene (10 
mL) and dichloromrthane (1 mL) was added 4 (540 mg, 1.5 mmol) and stirred for 6 h at -20 °C.  The mixture 
was added to freshly prepared 5 (0.70 mmol) in acetonitrile (3.5 mL) via cannula at 0 °C and the mixture was 
stirred for 6 h at room temperature.  After removal of the solvents, the residue was purified by column 
chromatography (hexane/ethyl acetate = 10/1 to 2/1) to give product 8b in 85% yield as white solid; 1H NMR 
(400 MHz, CDCl3):  2.21 (3H, d, J = 10.5 Hz), 2.34 (3H, d, J = 10.5 Hz), 2.36 (3H, d, J = 11.0 Hz), 2.44 (3H, 
d, J = 11.0 Hz), 2.61 (3H, d, J = 10.0 Hz), 2.72 (3H, d, J = 10.0 Hz), 3.00-3.37 (8H, m), 4.87 (1H, d, J = 12.5 
Hz), 4.92 (1H, d, J = 12.5 Hz), 5.17 (1H, d, J = 12.5 Hz), 5.18 (1H, d, J = 12.5 Hz), 5.39 (1H, dd, J = 12.0, 
10.0 Hz), 5.44 (1H, dd, J = 12.0, 10.0 Hz), 5.81 (1H, t, J = 12.0 Hz), 5.86 (1H, t, J = 12.0 Hz), 6.84-7.48 (32H, 


















10: To a solution of 8a (255 mg, 0.25 mmol) in toluene (800 μL) was added oxalyl chloride (33 μL, 0.38 
mmol) at 0 °C and reaction mixture was stirred for5 min.  And then, the reaction mixture was warmed to 
room temperature and stirred for 1 h.  After removal of the solvents in vacuo, dichloromethane (800 μL) was 
added to the residue.  To the mixture was added 4 M hydrogen chloride diaxane solution (1.9 mL, 7.5 mmol) 
and reaction mixture was stirred for 1 h at room temperature.  After removal of the solvents in vacuo, 
1,2-dichloroethane (6.2 mL) was added to the residue.  To the mixture and the mixture was added 
triethylamine (6.2 mL) and reaction mixture was stirred for 24 h at room temperature.  And then, the reaction 
was quenched with 1 M hydrochloric acid.  The mixture was extracted with dichloromethane, and dried over 
anhydrous Na2SO4, filtered, concentrated.  The residue was purified by column chromatography 
(hexane/ethyl acetate = 20/1 to 5/1) to give product 10 in 43% yield (mixture of diastereomers) as white solid; 
31P NMR (162 MHz, CDCl3):  -6.36 (dd, J = 29.8, 35.8 Hz), -4.30 (dd, J = 27.9, 29.6 Hz), 22.8 (dd, J = 3.65, 



















11: To a solution of 10 (1.2 g, 14.6 mmol) and nickel chloride hexahydrate (16.6 g, 69.9 mmol) in methanol 
(150 mL) was added slowly sodium tetrahydroborate (4.40 g, 117 mmol) at 0 °C and the reaction mixture was 
stirred for 3 d at room temperature.  And then, the reaction was quenched with 1 M sodium hydrogen sulfate 
and evaporated.  The aqueous phase was extracted with dichloromethane and dried over anhydrous Na2SO4, 
filtered, concentrated  The residue was purified by column chromatography (dichloromethane/methanol = 
50/1 to 15/1) to give product 11 in 85% yield (mixture of diastereomers) as white solid; 31P NMR (162 
MHz,CDCl3):  7.26 (dd, J = 29.3, 37.8 Hz), 8.30 (dd, J = 25.6, 34.1 Hz), 23.3 (d, J = 37.8 Hz), 24.8 (d, J = 














amino)-1,3-dimethyl-1,3,2-diazaphospholidin-2-ium (14a): To a solution of 9a (522 mg, 1.6 mmol) and 
N,N-diisopropylethylamine (4.2 mL, 9.0 mmol) in toluene was added 4 (289 mg, 1.9 mmol) at -20 °C.  The 
reaction mixture was gradually warmed to room temperature and stirred for 6 h.  And then, the mixture was 
added benzyloxycarbonyl azide[4] at 0 °C and stirred for 4 h at room temperature.  The mixture was 
evaporated and the residue was purified by column chromatography (hexane/ethyl acetate = 10/1 to 2/1) to 
give product 14a in 77% yield as white solid; 1H NMR (400 MHz, CDCl3): 1.40 (9H, s), 2.15 (3H, d, J = 
10.2 Hz), 2.44 (3H, d, J = 10.2 Hz), 2.84 (3H, d, J = 9.6 Hz), 3.00-3.26 (4H, m), 5.04 (1H, dd, J = 9.9, 10.5 














amino)-1,3-dimethyl-1,3,2-diazaphospholidin-2-ium chloride (14b): To a solution of 9b (576 mg, 1.6 
mmol) and N,N-diisopropylethylamine (4.2 mL, 9.0 mmol) in toluene was added 4 (289 mg, 1.9 mmol) at 
-20 °C.  The reaction mixture was gradually warmed to room temperature and stirred for 6 h.  And then, the 
mixture was added benzyloxycarbonyl azide[4] at 0 °C and stirred for 4 h at room temperature.  The mixture 
was evaporated and the residue was purified by column chromatography (hexane/ethyl acetate = 10/1 to 2/1) 
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to give product 14b in 80% yield as white solid; 1H NMR (400 MHz, CDCl3): 1.40 (9H, s), 2.15 (3H, d, J = 
10.2 Hz), 2.44 (3H, d, J = 10.2 Hz), 2.84 (3H, d, J = 9.6 Hz), 3.00-3.26 (4H, m), 5.04 (1H, dd, J = 9.9, 10.5 












methyl-1,3,2-diazaphospholidin-2-ium) monochloride (15): To a solution of 14a (372 mg, 0.80 mmol) and 
palladium (II) chloride (43 mg, 0.24 mmol) in dichlomethane (1.2 mL) was added triethylamine (78 μL, 0.56 
mmol) and triethylsilane (639 μL, 4.00 mmol) at room temperature and the mixture was refluxed for 6 h.  
And then, the reaction mixture was filtered through a plug of Celite eluting with dichloromethane.  To the 
filtrate was added 1 M hydrochloric acid and the mixture was extracted with dichloromethane.  The 
combined organic layer was dried over anhydrous Na2SO4, filtered, concentrated.  The residue was purified 
by column chromatography (ethyl acetate/methanol = 40/1 to 10/1) to give product 15 in 85% yield as white 
solid; 1H NMR (400 MHz, CDCl3): 1.41 (9H, s), 2.19 (3H, d, J = 10.5 Hz), 2.73 (3H, d, J = 11.0 Hz), 2.90 
(3H, d, J = 11.0 Hz), 3.10-3.25 (2H, m), 3.30-3.40 (1H, m), 3.45-3.55 (1H, m), 5.29-5.35 (1H, m), 5.48 (1H, 










13: To a solution of 14b (33.1 mg, 0.05 mmol) and trifluoromethanesulfonic acid (11 μL, 0.13 mmol) in 
acetonitrile (0.25 mL) was added 10% Pd-C (6.6 mg, 10% weight of starting material) under a continuous 
stream of N2, at 0 °C.  The flask was purged with hydrogen gas and the mixture was stirred under a hydrogen 
atmosphere using a balloon.  After 30 min, the mixture was filtered through a plug of Celite eluting with 
acetonitrile  The combined filtrate was evaporated under room temperature[5] to give product 13 in 90% yield 
(containing impuritiess) as white oil; 1H NMR (400 MHz, DMSO): 2.05 (3H, d, J = 11.2 Hz), 2.45 (3H, d, J 
= 10.4 Hz), 2.73 (3H, d, J = 8.0 Hz), 2.98-3.41 (4H, m), 4.82 (1H, dd, J = 7.8, 10.9 Hz), 5.33 (1H, d, J = 10.9 
Hz), 5.92 (2H, brs), 7.05-7.40 (10H, m), 8.44 (3H, brs); 31P NMR (162 MHz, 85% H3PO4 aq.):  43.3. 
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2. Structure Determination of 6 by X-Ray Crystallographic Analysis 
Recrystallization of 6 from 3-methylbutan-2-one/heptane gave a clear needle-like crystal.  The structure of 6 
was unambiguously determined by X-ray crystallographic analysis.  During the structure refinement of 6, 
highly disordered outer counter anions that cocrystallized in the single crystals could not be modeled properly.  
Thus, the data were corrected for the presence of disordered counter anions by using the SQUEEZE procedure.  
CCDC 1010957 contains the crystallographic data of this compound. The data can be obtained free of charge 












Figure S2-1. ORTEP (left) and schematic (right) drawing of 6 
X-ray Structure Report of 6 
Identification code  si248b_op 
Empirical formula  C72 H96 Cl N20 P6 
Formula weight  1462.96 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P2(1)2(1)2 
Unit cell dimensions a = 13.8649(9) Å = 90°. 
 b = 45.352(3) Å = 90°. 
 c = 13.7022(9) Å  = 90°. 











































Density (calculated) 1.128 Mg/m3 
Absorption coefficient 0.205 mm-1 
F(000) 3100 
Crystal size 0.20 x 0.10 x 0.10 mm3 
Theta range for data collection 1.49 to 25.00°. 
Index ranges -7<=h<=16, -53<=k<=52, -15<=l<=16 
Reflections collected 40889 
Independent reflections 15121 [R(int) = 0.0208] 
Completeness to theta = 25.00° 99.7 %  
Absorption correction Empirical 
Max. and min. transmission 0.9798 and 0.9601 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 15121 / 12 / 938 
Goodness-of-fit on F2 1.070 
Final R indices [I>2sigma(I)] R1 = 0.0395, wR2 = 0.0969 
R indices (all data) R1 = 0.0413, wR2 = 0.0979 
Absolute structure parameter 0.02(4) 





[1] Bhanthumnavin, W.; Bentrude, W. G. J. Org. Chem. 2005, 70, 4643. 
[2] Dillon, K. B.; Platt, A. W. G.; Weddington, T. C. Inorg. Nucl. Chem. Lett. 1978, 14, 511. 
[3] It is recommended that the reaction temperature be kept lower than 50 °C because 3 is gradually 
decomposed when the reaction temperature exceeds 50 °C. 
[4] Carpino, L. A.; Cohen, B. J.; Lin, Y.; Stephens, K. E. Jr.; Triolo, S. A. J. Org. Chem. 1999, 55, 251. 
[5] It is recommended that the reaction temperature be kept lower than room temperatuure because 15 is 





































































































Figure 3-1. Design of chiral P3 phosphazene base catalyst 1a possessing spiro[4.4] skeleton. 
(1) 3-2, 3-3 2 4




















Occupation of First and Third
Quadrants by Two Ph-Substituents

























Substrate Recognition via Two Hydrogen Bonds
Creation of Chiral Environment with Ar-Substituents
 
Figure 3-3. Model of conjugate acid of 1a (top view). 
2. 1a  
2 3  
1. P3  
1 B C Staudinger P3 D
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Figure 3-4. Synthetic strategy 1. 
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2. P3  
2 E C Staudinger
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Figure 3-5. Synthetic strategy 2. 
3. P1  
3 E G P1
H I A 3-6  
N3
Cyclization ReactionStaudinger Reaction























Figure 3-6. Synthetic strategy 3. 
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3. 1a  
3-1. 1  
1 I-1 7 3-7 a
5 3-7 b







































































































Figure 3-8. Working hypothesis for 1a (chapter 3). 
3-1 1a 2a 3











































































































Scheme 3-2. Synthetic study for 1a. 
1  
3-2. 2  
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7a 5 Staudinger 1
I-4 NMR 2
















0 °C to rt, 2 h
















































Scheme 3-4. Synthetic study for 6a. 
2 Staudinger P3
[I]  
3-3. 3  
Staudinger P3
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Cbz 10a 85% Boc


















0 °C to rt, 13 h
CH2Cl2, rt, 5 h
HCl (5.0 eq.)
































































0 °C to rt, 13 h
11
































































Figure 3-9. ORTEP drawing of rac-1a·HI with probability ellipsoids drawn at the 50% level. 
























































Scheme 3-8. Plausible decomposition pathway. 
 


















    Introduction of substituents shown below on substituents R1and R2
    (i) Sterically Bulky Group                   "Protect the terminal phosphorus atoms"
    (ii) Electron Donating Group             "Protect the central and terminal phosphorus atoms"
 
Figure 3-10. Guidelines for redesign. 
( 3-10)












3 1b 1c 1d 3-11 1b























































(ii) Electron Donating Group
     An increase in electron density at P3 phosphazene
(i) Sterically Bulky Group
     An increase in bulkiness at the terminal phosphorus atoms
(Extra) Chiral Building Block
     Facilitation of separation of isomers
(i) Sterically Bulky Group
  1. An increase in bulkiness at the terminal phosphorus atoms
  2. Suppression of the formation of trigonal bipyramidal (TBP) structure
(i) Sterically Bulky Group
     An increase in bulkiness at the terminal phosphorus atoms
(ii) Electron Donating Group
     An increase in electron density at P3 phosphazene
R2: Pyrrolidine group
 







1d R1 t- R2
t-
 
5. 1b 1c 1d  
rac-1a·HI 1b, 1c, 1d  




Staudinger P1 9b 85%
9b Cbz 10b 87%
10b Boc 8b
8b·2HCl 97% 8b·2HCl DBU
1b 1b·HCl
(M,S,S,S,S)-1b·HCl (P,S,S,S,S)-1b·HCl









Et3N (70 mol%)CbzN3 (1.5 eq.)
9b
85% yield (3 steps)
0 °C to rt, 12 h CH2Cl2, reflux, 3 h
HCl (8.0 eq.)





CH2Cl2, 0 °C, 3 h
Et3N (6.0 eq.)




















0 °C, 2 h
2Cl
1b•HCl
                                     12% yield
























































































Scheme 3-9. Synthesis of (M,S,S,S,S)-1b·HCl and (P,S,S,S,S)-1b·HCl. 










Figure 3-12. ORTEP drawing of (M,S,S,S,S)-1b·HCl with probability ellipsoids drawn at the 50% level. 
Hydrogen Atoms of Two N-H 
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Cbz 10c 95% 10c
8c 8c·2HBr 90% 8c·2HBr DBU






35% yield (2 steps)
0 °C to rt, 12 h
CH2Cl2, rt, 5 h
HBr aq. (5.0 eq.)






-60 °C, 18 h
Et3N (2.1 eq.)
toluene, 0 °C, 2 h









































































45% yield  
Scheme 3-10. Synthesis of rac-1c·HCl. 















Figure 3-13. Chiral stationary phase HPLC analysis of rac-1c·HCl. 
X (P)
3-14 [J] ORTEP 1a·HI 1b·HCl 2 N-H
 









Figure 3-14. ORTEP drawing of (P)-1c·HBr with probability ellipsoids drawn at the 50% level.  The solvent 
molecule (CHCl3) is omitted for clarity. 
                                                        
[J] (+)-1c·HCl (+)-1c·HBr  
 




5-3. 1d·HCl  
rac-1d·HCl 3-11
4c Boc tert- 2c
Staudinger P1 9d 21%
9d
Cbz 10d 91% 10d
Boc 8d 8d·2HBr 90%
8d·2HBr DBU
1d rac-1d·HCl 11%  
rac-1d·HCl X rac-1d·HCl
NMR ESI-MS  
CbzN3 (1.2 eq.)
50 °C, 14 h
Et3N (2.1 eq.)



























21% yield (2 steps)
(CH2Cl)2
65 °C, 2 h
HBr aq. (7.0 eq.)

















































Scheme 3-11. Synthesis of rac-1d·HCl. 
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5-4. 1b 1c 1d  

































































































































































R2 (pyrrolidine group) is close to counter anion.②
R1 (phenyl group) is far from counter anion.①





rac-1d·HCl R1 = t- R2 = 
X rac-1c·HBr R1 = R2 = 


















































Figure 3-17. ORTEP drawing of rac-1c·HBr (side view). 
7. :  
7-1.  
3,4-















Introduction of Isoindoline group


















Figure3-18. Redesigned catalyst 1e.
Site to be modified 
 
Occupation of First and Third Quadrants 
by Two Pyrrolidine Groups 
R2-substituent is more important for 
creation of efficient chiral environment. 
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7-2. 1e·HCl  




Cbz 10e 4 35%
10e Boc 8e
8e·2HCl 95% 8e·2HCl





Et3SiH (5.0 eq.)CbzN3 (1.2 eq.)
9e
(containing 2c)
50 °C, 3 h (CH2Cl)2
50 °C, 6 h
HCl (5.0 eq.)
CH3OH, 40 °C, 2 h
10e
35% yield (4 steps)
PCl5 (1.0 eq.)
DBU (9.0 eq.)
CH3CN, 0 °C, 4 h
Et3N (2.1 eq.)
(CH2Cl)2, 0 °C to rt
2 h
                          








































































Figure3-19. Analytical chiral stationary phase HPLC analysis of rac-1e·HCl. 
X









Figure 3-20. ORTEP (left) and schematic (right) drawing of (M)-1e·HCl with probability ellipsoids drawn at 
the 50% level.  The solvent molecule (H2O) is omitted forclarity. 
8. 1e•H+  













Figure 3-21. ORTEP drawing of (M)-1e·HCl (top view). 




naphthyl group phenyl group 
Catalyst (P)-11·HBr (Ar = Ph) 
















(P)-11·HBr (Ar = Ph)





















(P)-11·HBr Ar = Ph 38% ee


















      2-methyl-1-tetralone 
  












                                                                        
  
Scheme 3-14. Bis(guanidino)iminophosphorane-catalyzed enantioselective amination of 2-methyl-1-tetralone. 
Catalyst (P)-12·HBr (Ar = naphthy) 
93% yield,  72% ee (R) 
Occupation of First and Third Quadrants 
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General Information: Infrared spectra were recorded on a JASCO FT/IR-4100 spectrometer. 1H NMR 
spectra were recorded on a JEOL JMTC-600 (600 MHz) spectrometer and a JEOL JNM-ECS-400 (400 MHz) 
spectrometer. Chemical shifts were reported in ppm from the solvent resonance or tetramethylsilane (TMS) as 
the internal standard (CDCl3: 7.26 ppm, TMS: 0.00 ppm). Data were reported as follows: chemical shift, 
integration, multiplicity (s = singlet, d = doublet, t = triplet, brs = broad, m = multiplet), and coupling 
constants (Hz). 13C NMR spectra were recorded on a JEOL JMTC-600 (151 MHz) spectrometer and a JEOL 
JNM-ECS-400 (100.5 MHz) spectrometer with complete proton decoupling. Chemical shifts were reported in 
ppm from the solvent resonance as the internal standard (CDCl3: 77.0 ppm). Data were reported as follows: 
chemical shift, integration, multiplicity (s = singlet, d = doublet), and coupling constants (Hz). 31P NMR 
spectra were recorded on a JEOL JNM-ECS400 (169 MHz) spectrometer. Chemical shifts were reported in 
ppm from 85% H3PO4 aq. as the external standard (H3PO4 in CDCl3: 0.0 ppm). Data were reported as follows: 
chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet), and coupling constants (Hz). 
X-Ray data were collected on a BrukerAXS APEXII diffractometer with graphite monochromated Mo-Ka 
radiation (0.71073 Å). Optical rotations were measured on a JASCO P-1020 digital polarimeter with a 
sodium lamp and reported as follows: [] T ºC D (c = g/100 mL, solvent). Analytical thin-layer chromatography 
(TLC) was performed on Merck precoated TLC plates (silica-gel 60 GF254, 0.25 mm). Flash column 
chromatography was performed on silica-gel 60 N (Merck 230-400 mesh). High-resolution mass spectral 
analysis was performed on a Bruker Daltonics solariX 9.4T spectrometer at the Research and Analytical 
Center for Giant Molecules, Graduate School of Science, Tohoku University. 
Materials: Unless otherwise noted, all reactions were carried out under nitrogen atmosphere in dried 
glassware.  Dichloromethane (CH2Cl2), diethyl ether (Et2O) and toluene were supplied from  
Kanto Chemical Co., Inc. as “Dehydrated Solvent System”.  Other solvents were purchased from commercial 
suppliers as dehydrated solvents, and used under argon atmosphere.  Reagents were purchased from 
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Scheme S3-1. Synthesis of rac-1a·HI. 
Reagents and conditions: (a) 2-chloro-1,3-dimethyl-1,3,2-diazaphosphorane, N,N-diisopropylethylamine , 
toluene, then benzyloxycarbonyl azide, 0 °C to rt, 95% (2 steps); (b) palladium (II) chloride, triethylsilane, 
triethylamine, dichloromethane, reflux, 89%; (c) phosphorus (V) chloride, N,N-diisopropylethylamine , 
dichloromethane, 0 °C to rt, 48% (containing small amount of impurities); (d) sodium iodide, 
















diazaphospholidin-2-ium chloride (9a): To a mixture of tert-butyl 2-phenylhydrazinecarboxylate[1] (312 mg, 
1.5 mmol) and N,N-diisopropylethylamine (1.3 mL, 7.5 mmol) in toluene (15 mL) was added 
2-chloro-1,3-dimethyl-1,3,2-diazaphosphorane[2] (290 mg, 1.9 mmol) at 0 °C.  The reaction mixture was 
gradually warmed to room temperature and stirred for 2 h.  To the mixture was added benzyloxycarbonyl 
azide[3] (337 mg, 1.9 mmol) and the mixture was stirred for 12 h at room temperature.  The reaction was 
quenched with sat. NH4Cl aq. and the mixture was extracted with dichloromethane. The combined organic 
layer was washed with brine, dried over anhydrous Na2SO4, and concentrated under reduced pressure after 
filtration.  The residual was purified by column chromatography (hexane/ethyl acetate = 5/1 to 1/1) to give 
the product 9a in 95% yield as a colorless oil; 1H NMR (400 MHz, CDCl3): 1.41 (9H, s), 2.63 (6H, d, J = 
9.9 Hz), 2.95-3.30 (4H, m), 5.08 (2H, s), 7.14 (1H, t, J = 7.2 Hz), 7.25-7.70 (11H, m); 13C NMR (100.5 MHz, 
CDCl3): δ 27.3, 30.7 (d, J = 4.7 Hz), 46.4 (d, J = 13.4 Hz), 66.4, 79.9, 122.6, 124.5, 126.6, 126.9, 127.3, 127.9, 












chloride (10a): To a solution of 9a (765 mg, 1.5 mmol) and palladium (II) chloride (41 mg, 0.23 mmol) in 
dichloromethane (10 mL) was added triethylamine (146 μL, 1.05 mmol) and triethylsilane (958 μL, 6.0 mmol) 
at room temperature.  The reaction mixture was refluxed for 2 h.  Then, the reaction mixture was filtered 
through a plug of Celite eluting with dichloromethane.  To the filtrate was added 1M hydrochloric acid and 
the mixture was extracted with dichloromethane.  The combined organic layer was dried over anhydrous 
Na2SO4 and concentrated under reduced pressure after filtration.  After removal of solvent, hexane and 
diethyl ether were added to the residual crude product.  The mixture was stirred for 3 h at room temperature.  
Then, the resultant suspension was filtrated to give the product 10a in 89% yield as a white solid; 1H NMR 
(600 MHz, CDCl3): 1.40 (9H, s), 2.44 (3H, d, J = 9.3 Hz), 2.95 (3H, d, J = 9.3 Hz), 3.30-3.50 (4H, m), 5.71 
(2H, s), 7.20-7.50 (5H, m), 9.47 (1H, s); 13C NMR (100.5 MHz, CDCl3): δ 28.3, 31.0, 46.4 (d, J = 15.3 Hz), 
















11: To a solution of 10a (316 mg, 0.84 mmol) and N,N-diisopropylethylamine (714 μL, 4.0 mmol) in 
dichloromethane (10 mL) was added a solution of phosphorus (V) chloride (87 mg, 0.42 mmol) in 
dichloromethane (6.8 mL) and the reaction mixture was stirred for 5 h at 0 ºC.  The reaction was quenched 
with sat. NH4Cl aq. and the mixture was extracted with dichloromethane. The combined organic layer was 
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dried over anhydrous Na2SO4 and concentrated under reduced pressure after filtration.  The residual crude 
product was purified by column chromatography (dichloromethane/methanol = 40/1 to 15/1) to give the 
product 11 in 48% yield (containing small amount of impurities) as a white solid; 1H NMR (400 MHz, 
CDCl3): 1.15 (18H, s), 2.39 (6H, d, J = 10.8 Hz), 2.87 (6H, d, J = 11.1 Hz), 3.15-3.55 (8H, m), 7.15-7.35 
(6H, m), 7.43 (4H, t, J = 10.8 Hz); 13C NMR (100.5 MHz, CDCl3): δ 26.7, 29.8 (d, J = 5.8 Hz), 30.2 (d, J = 
5.8 Hz), 45.7 (d, J = 14.3 Hz), 46.3 (d, J = 14.3 Hz), 84.1, 120.0, 125.2, 128.7, 140.7 (d, J = 4.7 Hz), 149.6 



















rac-1a·HI: To a solution of 11 (593 mg, 0.8 mmol) and sodium iodide (719 mg, 4.8 mmol) in acetonitrile (4 
mL) was added chlorotrimehylsilane (609 μL, 4.8 mmol) at room temperature and the reaction mixture was 
stirred for 48 h at 50 ºC.  Then, the reaction mixture was filtered through a plug of Celite eluting with 
dichloromethane.  To the filtrate was added water and the mixture was extracted with dichloromethane.  
The combined organic layer was dried over anhydrous Na2SO4 and concentrated under reduced pressure after 
filtration.  The residual crude product was purified by column chromatography. (dichloromethane/methanol = 
45/1 to 25/1).  To the obtained product was added ethyl acetate and the mixture was stirred for 2 h at room 
temperature.  Then, the resultant suspension was filtrated to give the product rac-1a·HI in 20% yield as a 
white solid.  After exchanging the counter anion from iodide to tetrafluoroborate using sodium 
tetrafluoroborate, each enantiomer of rac-1a HBF4 was observed in the separated peaks using analytical 
HPLC equipped with a Daicel CHIRALPAK IB (methanol/diethylamine = 100/0.1, 1.0 mL/min, 240 nm, 
40 °C): 23.3, 26.0 min.; 1H NMR (400 MHz, CDCl3): 2.30 (6H, d, J = 10.4 Hz), 2.75 (6H, d, J = 11.2 Hz), 
3.16-3.46 (8H, m), 7.01 (2H, t, J = 7.6 Hz), 7.17 (4H, d, J = 8.4 Hz), 7.25 (4H, m), 7.92 (2H, dd, J = 6.6, 11.0 
Hz); 13C NMR (100.5 MHz, CDCl3): δ 30.4 (d, J = 5.7 Hz), 31.4 (d, J = 6.7 Hz), 46.3 (d, J = 15.3 Hz), 46.5 (d, 
J = 15.3 Hz), 118.1, 125.2, 123.8, 129.3, 141.5 (dd, J = 11.0, 14.4 Hz); 31P NMR (162 MHz, CDCl3):  43.4 (d, 
J = 49.9 Hz), 48.8 (t, J = 49.9 Hz); IR (ATR) 3854, 3743, 3727, 3629, 2850, 1738, 1559, 1468, 1263, 1154 
cm-1; HRMS (ESI) calcd for C20H32N10P3 ([M-I]+) 505.2019, found 505.2015. 
The single crystal of rac-1a·HI for X-ray crystallographic analysis was obtained by recrystallization from 
acetone/hexane system under argon atmosphere. 
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2. Synthesis of (P,S,S,S,S) and (M,S,S,S,S)-1b·HCl 

































































































































Scheme S3-2. Synthesis of (M,S,S,S,S) and (P,S,S,S,S)-1b·HCl. 
Reagents and conditions: (a) triethylamine, (1S,2S)-N,N-1,2-dibenzyl-1,2-diphenylethane-1,2-diamine, 
dichloromethane, 0 °C; (b) tert-butyl 2-benzylhydrazinecarboxylate, triethylamine, dichloromethane, then 
benzyloxycarbonyl azide, 0 °C to rt, 85% (2 steps); (c) palladium (II) chloride, triethylsilane, triethylamine, 
dichloromethane, reflux, 87%; (d) 4 M hydrochloric acid, methanol, 40°C, 97%; (e) phosphorus (V) chloride, 



















iphenyl-1,3,2-diazaphospholidin-2-ium chloride (9b): To a mixture of 
(1S,2S)-N,N-1,2-dibenzyl-1,2-diphenylethane-1,2-diamine[4] (393 mg, 1.0 mmol) and triethylamine (836 μL, 
6.0 mmol) in dichloromethane (5 mL) was added phosphorus (III) chloride (96 μL, 1.1 mmol) over 5 min at 
0 °C.  The reaction mixture was warmed to room temperature and stirred for 3 h.  To the reaction mixture 
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was added tert-butyl 2-benzylhydrazinecarboxylate[5] (292 mg, 1.4 mmol) at 0 °C.  The reaction mixture was 
stirred for 2 h at 0 °C.  To the mixture was added benzyloxycarbonyl azide (266 mg, 1.5 mmol) at 0 °C and 
the mixture was warmed to room temperature and stirred for 12 h.  The reaction was quenched with sat. 
NH4Cl aq. and the mixture was extracted with dichloromethane.  The combined organic layer was washed 
with brine, dried over anhydrous Na2SO4, and concentrated under reduced pressure after filtration.  The 
residual crude product was purified by column chromatography (hexane/ethyl acetate = 10/1 to 2/1) to give 
















phospholidin-2-ium chloride (10b): To a solution of 9b (1.22 g, 1.5 mmol) and palladium (II) chloride (40 
mg, 0.23 mmol) in dichloromethane (3 mL) was added triethylamine (167 μL, 1.2 mmol) and triethylsilane 
(1.2 mL, 7.5 mmol) at room temperature.  The mixture was refluxed for 3 h.  Then, the reaction mixture 
was filtered through a plug of Celite eluting with dichloromethane.  To the filtrate was added 1M hydrochloric 
acid and the mixture was extracted with dichloromethane.  The combined organic layer was dried over 
anhydrous Na2SO4 and concentrated under reduced pressure after filtration.  After removal of solvent, 
hexane was added to the residual crude product.  The mixture was stirred for 2 h at room temperature.  Then, 
the resultant suspension was filtrated to give the product 10b in 87% yield as a white solid; 31P NMR (162 













8b·2HCl: To a solution of 10b (5.0 g, 6.0 mmol) in metanol (20 mL) was added 4 M hydrogen chloride 
dioxane solution (12 mL, 48 mmol) at room temperature.  The mixture was warmed to 40 ºC and stirred for 7 
h.  Then, the reaction mixture was concentrated.  To the residual crude product was added absolute diethyl 
ether and the mixture was stirred for 1 h at room temperature.  Then, the mixture was filtrated to give the 
product 8b·2HCl in 87% yield as a white solid; 1H NMR (400 MHz, CDCl3): δ 2.94 (2H, brs), 3.46-3.58 (1H, 
m), 3.98 (1H, d, J = 16.6 Hz), 4.16 (1H, d, J = 19.2 Hz), 4.31-4.51 (4H, m), 4.60-4.625 (1H, m), 7.15-7.55 




















































(M,S,S,S,S) and (P,S,S,S,S)-1b·HCl: To a solution of 8b·2HCl (189 mg, 0.3 mmol) and 
1,8-diazabicyclo[5.4.0]undec-7-ene (188 μL, 1.26 mmol) in dichloromethane (2.3 mL) was added a solution 
of phosphorus (V) chloride (34 mg, 0.17 mmol) in dichloromethane (0.7 mL) over 10 min at 0 ºC and the 
mixture was stirred for 3 h at 0 ºC.  The reaction was quenched with sat. NH4Cl aq. and the mixture was 
extracted with dichloromethane.  The combined organic layer was dried over anhydrous Na2SO4 and 
concentrated under reduced pressure after filtration.  The residual crude product was purified by column 
chromatography. (ethyl acetate/2-propanol = 30/1 to 10/1) to separate the (M,S,S,S,S)-1b·HCl and 
(P,S,S,S,S)-1b·HCl.  To each products were added absolute diethyl ether and the resultant suspensions were 
stirred for 1 h at room temperature. Then, the suspensions were filtered to give (M,S,S,S,S)-1b·HCl in 12% 





























(M,S,S,S,S)-1b·HCl: []27D = +92.1 (c 1.03, CHCl3); 1H NMR (400 MHz, CDCl3): δ 3.46 (2H, t, J = 15.2 Hz), 
3.85-3.95 (4H, m), 4.17 (2H, t, J = 6.4 Hz), 4.30-4.42 (4H, m), 4.50-4.70 (4H, m), 6.80-7.51 (50H, m), 9.13 
(2H, d, J = 9.6 Hz); 13C NMR (100.5 MHz, CDCl3): δ 46.1 (d, J = 22.9 Hz), 46.2 (d, J = 21.0 Hz), 52.3 (d, J = 
8.6 Hz), 66.0 (d, J = 13.3 Hz), 67.1 (d, J = 13.3 Hz), 127.7, 127.6, 127.9, 128.0, 128.1, 128.6, 128.7, 128.8, 
128.9, 129.0, 129.7, 129.9, 134.7, 135.5, 137.0, 137.1, 137.2, 137.3, 137.4, 137.5; 31P NMR (162 MHz, 
CDCl3):  47.2 (d, J = 39.9 Hz), 51.3 (t, J = 49.9 Hz); HRMS (ESI) calcd for C70H68ClN10P3 ([M-Cl]+) 
1141.4830, found 1141.4834. 
The single crystal of (M,S,S,S,S)-1b for X-ray crystallographic analysis was obtained by recrystallization from 































(P,S,S,S,S)-1b·HCl: []27D = +75.214 (c 1.02, CHCl3); 1H NMR (400 MHz, CDCl3): δ 3.56 (2H, t, J = 15.2 
Hz), 3.85-4.06 (4H, m), 4.14 (1H, d, J = 7.2 Hz), 4.18 (1H, d, J = 7.2 Hz), 4.29 (2H, t, J = 6.8 Hz), 4.35 (1H, d, 
J = 6.8 Hz), 4.39 (1H, d, J = 6.8 Hz), 4.44 (1H, d, J = 6.8 Hz), 4.48 (1H, d, J = 6.8 Hz), 4.77 (2H, dd, J = 10.4, 
15.2 Hz), 6.79 (4H, d, J = 7.6 Hz), 7.71-7.45 (50H, m), 8.62 (2H, d, J = 11.2 Hz); 13C NMR (100.5 MHz, 
CDCl3): δ 45.8 (d, J = 42.9 Hz), 46.0 (d, J = 42.0 Hz), 51.7 (d, J = 15.3 Hz), 66.1 (d, J = 13.3 Hz), 68.3 (d, J = 
13.3 Hz), 127.5, 127.7, 127.9, 128.1, 128.2, 128.4, 128.5, 128.6 128.7, 128.8, 128.9, 129.0, 129.4, 129.7, 
1129.9, 135.3, 136.5, 136.6, 137.3, 137.4; 31P NMR (162 MHz, CDCl3):  47.3 (d, J = 51.4 Hz), 51.4 (t, J = 
51.4 Hz); HRMS (ESI) calcd for C70H68ClN10P3 ([M-Cl]+) 1141.4830, Found 1141.4834. 
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3. Synthesis of rac-1c·HBr 





































































Scheme S3-3. Synthesis of rac-1c·HCl. 
Reagents and conditions: (a) triethylamine, pyrrolidine, toluene, 0 °C; (b) tert-butyl 
2-phenylhydrazinecarboxylate, triethylamine, toluene, then benzyloxycarbonyl azide, 0 °C to rt, 35% (3 
steps); (c) palladium (II) chloride, triethylsilane, triethylamine, dichloromethane, reflux, 95%; (d) 47% 
hydrobromic acid, methanol, 50°C, 90%; (e) phosphorus (V) chloride, 1,8-diazabicyclo[5.4.0]undec-7-ene, 













nium chloride (9c): To a mixture of phosphorus (III) chloride (305 μL, 3.5 mmol) and triethylamine (1.0 mL, 
7.2 mmol) in toluene (10 mL) was added pyrrolidine (574 μL, 7.0 mmol) at 0 °C.  The reaction mixture was 
stirred for 2 h at 0 °C.  After filtration, the mixture was concentrated under reduced pressure.  The residual 
crude was added slowly to a solution of tert-butyl 2-phenylhydrazinecarboxylate (729 mg, 3.5 mmol) and 
triethylamine (2.0 mL, 14 mmol) in toluene (35 mL) at 0 °C.  The reaction mixture was stirred for 2 h at 0 °C.  
To the mixture was added benzyloxycarbonyl azide (744 mg, 4.2 mmol) at room temperature and the mixture 
was stirred for 12 h.  The reaction was quenched with sat. NH4Cl aq. and the aqueous layer was extracted 
with toluene.  The combined organic layer was washed with brine, dried over anhydrous Na2SO4, and 
concentrated under reduced pressure after filtration.  The residual crude product was purified by column 
chromatography (hexane/ethyl acetate = 10/1 to 2/1) to give the product 9c in 35% yield (2 steps) as a 
colorless oil (containing small amount of impurities); 1H NMR (400 MHz, CDCl3): δ 1.45 (9H, s), 1.69 (8H, 
brs), 3.19 (8H, brs), 5.08 (2H, s), 7.11 (1H, dd, J = 7.2, 7.6 Hz), 7.22-7.38 (4H, m), 8.22 (1H, s); 13C NMR 
(100.5 MHz, CDCl3): δ 25.6, 27.8, 66.6 (d, J = 4.8 Hz), 66.5 (d, J = 4.8 Hz), 79.9, 122.0 (d, J = 4.8 Hz), 124.6, 
126.8, 127.1, 127.4, 128.3, 137.5, 143.8 (d, J = 11.5 Hz), 155.1 (d, J = 2.8 Hz), 160.6 (d, J = 10.6 Hz); 31P 
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amino(2-(tert-butoxycarbonyl)-1-phenylhydrazinyl)di(pyrrolidin-1-yl)phosphonium chloride (10c): To a 
solution of 9c (846 mg, 1.5 mmol) and palladium (II) chloride (41 mg, 0.23 mmol) in dichloromethane (10 
mL) was added triethylamine (146 μL, 1.05 mmol) and triethylsilane (958 μL, 6.0 mmol) at room temperature.  
The mixture was refluxed for 2 h.  Then, the reaction mixture was filtered through a plug of Celite eluting 
with dichloromethane.  To the filtrate was added 1 M hydrochloric acid and the aqueous layer was extracted 
with dichloromethane.  The combined organic layer was dried over anhydrous Na2SO4.  After removal of 
solvent, hexane was added to the residual crude product.  The mixture was stirred for 5 h at room 
temperature.  Then, the mixture was filtrated to give the product 10c in 95% yield as a white solid; 1H NMR 
(600 MHz, CDCl3): δ 1.41 (9H, s), 1.55-2.00 (8H, brs), 2.92-3.65 (8H, brs), 6.26 (2H, s), 7.22 (1H, t, J = 7.2 
Hz), 7.32 (2H, t, J = 7.8 Hz), 7.61 (1H, d, J = 7.8 Hz), 9.44 (1H, s); 13C NMR (100 MHz, CDCl3): δ 26.3, 28.3, 









8c·2HBr: To a solution of 10c (645 mg, 1.5 mmol) in metanol (7.4 mL) was added 47% hydrobromic acid 
(407 μL, 7.5 mmol) at room temperature and the mixture was stirred for 5 h at 50 ºC.  Then, the reaction 
mixture was concentrated to remove toluene and water.  To the residual crude product was added acetnitrile 
and the mixture was stirred for 1 h at room temperature.  Then, the mixture was filtrated to give the product 
8c·2HBr in 90% yield as a white solid; 1H NMR (600 MHz, CD3OD): δ 1.84 (8H, brs), 3.26 (8H, brs), 
7.45-7.57 (6H, m); 13C NMR (100.5 MHz, CD3OD): δ 25.9 (d, J = 8.6 Hz), 47.8 (d, J = 4.7 Hz), 128.2, 129.8, 
130.2, 138.2 (d, J = 5.7 Hz); 31P NMR (162 MHz, CD3OD):  27.2; IR (KBr) 3377, 3280, 3176, 3075, 2969, 
2879, 2819, 2692, 2592, 1622, 1586, 1551, 1501, 1456, 1266, 1209, 1134, 1096, 1035, 985, 914, 865, 768, 



















rac-1c·HCl: To a solution of 8c·2HBr (182 mg, 0.4 mmol) and 1,8-diazabicyclo[5.4.0]undec-7-ene (269 μL, 
1.8 mmol) in dichloromethane (2.7 mL) was added a solution of phosphorus (V) chloride (46 mg, 0.22 mmol) 
in dichloromethane (1.3 mL) over 5 min at -60 ºC and the mixture was stirred for 18 h at -60 ºC.  The 
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reaction was quenched with sat. NH4Cl aq. at -60 ºC and stirred 10 min. And then, the aqueous layer was 
extracted with dichloromethane.  The combined organic layer was dried over anhydrous Na2SO4 and 
concentrated under reduced pressure after filtration.  The residue was washed with acetone/hexane = 3/2 (880 
μL) and filtered to give the product rac-1c·HCl in 45% yield as a white solid.  One enantiomer was isolated 
by HPLC equipped with a Daicel CHIRALPAK IB (methanol/diethylamine = 100/0.1, 1.0 mL/min, 240 nm, 
40 °C): 29.9 (isolated), 33.5 min.; (P)-1c HCl: []27D = +91.7 (c 0.90, CHCl3); 1H NMR (400 MHz, CDCl3): δ 
1.52-1.56 (8H, m), 1.98-2.03 (8H, m), 2.89-2.91 (4H, m), 3.21-3.24 (4H, m), 3.48-3.50 (8H, m), 7.02 (2H, t, J 
= 7.2 Hz), 7.24-7.29 (8H, m), 8.92 (2H, t, J = 9.9 Hz); 13C NMR (100.5 MHz, CDCl3): δ 25.9 (d, J = 8.6 Hz), 
26.5 (d, J = 7.6 Hz), 119.0, 123.6, 128.9, 143.5; 31P NMR (162 MHz, CDCl3):  42.5 (d, J = 30.6 Hz), 48.2 (t, 
J = 30.6 Hz); IR (ATR) 3727, 3707, 3626, 3594, 3424, 2973, 2876, 1595, 1488, 1259, 1212, 1102, 1022, 938 
cm-1; HRMS (ESI) calcd for C28H44N10P3 ([M-Cl]+) 613.2958, found 613.2957. 
The single crystal of (P)-1c·HBr for X-ray crystallographic analysis was obtained by recrystallization from 
acetone/hexane/chloroform solvent system after changing the counter anion from chloride to bromide. 
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4. Synthesis of rac-1d·HCl 
































































Scheme S3-4. Synthesis of rac-1d·HCl. 
Reagents and conditions: (a) triethylamine, pyrrolidine, toluene, 0 °C; (b) tert-butyl 2-tert-butyl 
hydrazinecarboxylate, 1,8-diazabicyclo[5.4.0]undec-7-ene, acetonitrile, then benzyloxycarbonyl azide, 0 °C to 
60 °C, 21% (3 steps); (c) palladium (II) chloride, triethylsilane, triethylamine, 1,2-dichloroethane, 65 °C, 91%; 
(d) 47% hydrobromic acid, methanol, 50°C, 90%; (e) phosphorus (V) chloride, 












oniaheptan-3-ium chloride (9d): To a mixture of phosphorus (III) chloride (87 μL, 1.0 mmol) and 
triethylamine (293 μL, 2.1 mmol) in toluene (0.3 mL) was added pyrrolidine (165 μL, 2.0 mmol) at 0 °C.  
The reaction mixture was gradually warmed to room temperature and stirred for 2 h.  After filtration, the 
mixture was concentrated under reduced pressure.  The residual crude was added slowly to a solution of 
tert-butyl 2- tert-butylhydrazinecarboxylate (188 mg, 1.0 mmol) and 1,8-diazabicyclo[5.4.0]undec-7-ene (598 
μL, 4.0 mmol) in acetonitrile (0.3 mL) at 0 °C.  The reaction mixture was warmed to room temperature and 
stirred for 3 h.  To the mixture was added benzyloxycarbonyl azide (213 mg, 1.2 mmol) at 50 °C and the 
mixture was stirred for 14 h.  The reaction was quenched with sat. NH4Cl aq. and the aqueous layer was 
extracted with dichloromethane.  The combined organic layer was washed with brine, dried over anhydrous 
Na2SO4, and concentrated under reduced pressure after filtration.  The residual crude product was purified by 
column chromatography (hexane/ethyl acetate = 15/1 to 2/1) to give the product 9d in 21% yield as a colorless 
oil (containing small amount of impurities); 1H NMR (400 MHz, CDCl3): δ 1.22 (9H, s), 1.40 (9H, s), 
1.62-1.78 (8H, m), 3.08-3.44 (8H, m), 4.75 (1H, s), 5.07 (2H, s), 6.96 (1H, s), 7.18-7.39 (5H, m); 31P NMR 
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amino(2-(tert-butoxycarbonyl)-1-tert-butylhydrazinyl)dipyrrolidin-1-ylphosphonium chloride (10d): To 
a mixture of 9d (816 mg, 1.5 mmol) and palladium (II) chloride (41 mg, 0.23 mmol) in 1,2-dichloroethane (5 
mL) was added triethylamine (146 μL, 1.05 mmol) and triethylsilane (767 μL, 4.5 mmol) at room temperature.  
The mixture was warmed to 65 °C for 2 h.  Then, the reaction mixture was filtered through a plug of Celite 
eluting with dichloromethane.  To the filtrate was added 1 M hydrochloric acid and the mixture was extracted 
with dichloromethane.  The combined organic layer was dried over anhydrous Na2SO4.  The residual crude 
product was purified by column chromatography (dichloromethane/methanol = 45/1 to 15/1) to give the 
product 10d in 91% yield as a white solid; 1H NMR (600 MHz, CDCl3): δ 1.37 (9H, s), 1.42 (9H, s), 1.80-1.98 









8d·2HBr: To a solution of 10d (410 mg, 1.0 mmol) in metanol (5 mL) was added 47% hydrobromic acid (814 
μL, 7.0 mmol) at room temperature and the mixture was stirred for 3 h at 50 ºC.  Then, the reaction mixture 
was concentrated to remove toluene and water.  To the residual crude product was added acetonitrile and the 
mixture was stirred for 1 h at room temperature.  Then, the mixture was filtrated to give the product 8d·2HBr 
in 90% yield as a white solid; 1H NMR (600 MHz, CD3OD): δ 1.84 (9H, s), 3.21-3.27 (8H, brs), 3.28 (10H, 


















rac-1d·HCl: To a solution of 8d·2HBr (435 mg, 1.0 mmol) and 1,8-diazabicyclo[5.4.0]undec-7-ene (673 μL, 
4.5 mmol) in dichloromethane (7 mL) was added a solution of phosphorus (V) chloride (156 mg, 0.75 mmol) 
in dichloromethane (3 mL) over 10 min at -20 ºC and the mixture was stirred for 12 h. And then, reaction 
mixture was warmed to 60 ºC and stirred for 24 h. The reaction was quenched with sat. NH4Cl aq. and the 
mixture was extracted with dichloromethane.  The combined organic layer was dried over anhydrous Na2SO4 
and concentrated under reduced pressure after filtration.  The residual crude product was purified by column 
chromatography (dichloromethane/methanol = 45/1 to 10/1) to give the product rac-1d·HCl in 11% yield as a 
white solid; 1H NMR (600 MHz, CDCl3): δ 1.31 (18H, s), 1.79-1.983 (16H, m), 3.13-3.375 (16H, m), 7.40 
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(2H, m), 3.48-3.50 (8H, m), 7.02 (2H, t, J = 7.2 Hz), 7.24-7.29 (10H, m), 8.92 (2H, t, J = 8.4 Hz); 31P NMR 
(162 MHz, CDCl3):  41.2 (d, J = 42.8 Hz), 45.6 (t, J = 42.8 Hz); HRMS (ESI) calcd for C28H44N10P3 
([M-Cl]+) 573.3584, found 573.3583. 
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5. Synthesis of rac-1e·HCl 

































































Scheme S3-5. Synthesis of rac-1e·HCl. 
Reagents and conditions: (a) triethylamine, isoindoline, 1,2-dichloroetane, 0 °C to rt; (b) tert-butyl 2- 
tert-butyl hydrazinecarboxylate, 1,8-diazabicyclo[5.4.0]undec-7-ene, 1,2-dichloroetane, then 
benzyloxycarbonyl azide, 0 °C to rt; (c) palladium (II) chloride, triethylsilane, triethylamine, dichloromethane, 
reflux, 35% (3 steps); (d) 4 M hydrogenchloride dioxane solution, methanol, 40°C, 97%; (e) phosphorus (V) 













phonium chloride (9e): To a mixture of triethylamine (615 μL, 4.4 mmol) and isoindoline[6] (502 mg, 4.2 
mmol) in 1,2-dichloroethane (7 mL) was added phosphorus (III) chloride (183 μL, 2.1 mmol) at 0 °C.  The 
reaction mixture was gradually warmed to room temperature and stirred for 2 h.  Then, solid was filtrated 
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with glass filter.  To the residual crude was added 1,2-dichloroethane (14 mL) and tert-butyl 
2-tert-butylhydrazinecarboxylate (497 mg, 2.5 mmol) at room temperature.  To the mixture was added 
1,8-diazabicyclo[5.4.0]undec-7-ene (1.6 mL, 11 mmol) over 10 min at 0 °C.  The reaction mixture was 
warmed to room temperature and stirred for 30 min.  To the mixture was added benzyloxycarbonyl azide 
(446 mg, 2.5 mmol) at room temperature and the mixture was warmed to 50 °C stirred for 3 h.  The reaction 
was quenched with sat. NH4Cl aq. and the aqueous layer was extracted with toluene.  The combined organic 
layer was washed with brine, dried over anhydrous Na2SO4, and concentrated under reduced pressure after 
filtration.  The residual crude product was purified by column chromatography (hexane/ethyl acetate = 10/1 
to 2/1) to give the product 9e as a yellowish oil (containing tert-butyl 2-tert-butylhydrazinecarboxylate); 1H 
NMR (600 MHz, CDCl3,): δ 1.06 (9H, s), 1.26 (9H, s), 4.51 (2H, d, J = 11.4 Hz), 4.68 (2H, d, J = 11.4 Hz), 
4.76 (2H, d, J = 14.8 Hz), 4.91 (2H, d, J = 14.8 Hz), 5.10 (1H, d, J = 12.6 Hz), 5.14 (1H, d, J = 12.6 Hz), 











amino(2-(tert-butoxycarbonyl)-1-(tert-butyl)hydrazinyl)di(isoindolin-2-yl)phosphonium chloride (10e): 
To a mixturen of 9e (impure, 404 mg, about 0.8 mmol) and palladium (II) chloride (14 mg, 0.08 mmol) in 
1,2-dichloroethane (5 mL) was added triethylamine (76 μL, 0.5 mmol) and triethylsilane (311 μL, 2.0 mmol) 
at room temperature.  The mixture was warmed to 50 °C for 6 h.  Then, the reaction mixture was filtered 
through a plug of Celite eluting with dichloromethane.  To the filtrate was added 1 M hydrochloric acid and 
the mixture was extracted with dichloromethane.  The combined organic layer was dried over anhydrous 
Na2SO4.  The residual crude product was purified by column chromatography (dichloromethane/methanol = 
45/1 to 10/1) to give the product 10e in 35% yield (3 steps, from phosphorus (III) chloride) as a white solid; 
1H NMR (600 MHz, CDCl3,): δ 1.08 (9H, s), 1.44 (9H, s), 4.77 (2H, d, J = 12.6 Hz), 4.96 (6H, m), 6.49 (2H, d, 









2-(aminodi(isoindolin-2-yl)phosphonio)-2-(tert-butyl)hydrazin-1-ium dichloride (8e·2HCl): To a solution 
of 10e (299 mg, 0.59 mmol) in metanol (440 μL) was added 4 M hydrogen chloride dioxane solution (740 μL, 
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2.9 mmol) at room temperature.  The mixture was warm to 40 ºC and stirred for 2 h.  Then, the reaction 
mixture was concentrated.  The residual crude product was purified by column chromatography 
(dichloromethane/methanol = 35/1 to 10/1).  To the obtained product was added acetonitrile and the mixture 
was stirred for 11 h at room temperature.  Then, the mixture was filtrated to give the product 8e·2HCl in 95% 
yield as a white solid; 1H NMR (CDCl3, 400 MHz): δ 1.39 (9H, s)4.34 (2H, brs), 4.68 (4H, d, J = 13.2 Hz), 
4.81 (4H, d, J = 13.2 Hz), 6.46 (2H, d, J = 7.2 Hz), 7.18-7.27 (8H, m); 13C NMR (CDCl3, 100 MHz): δ 28.2, 



















rac-1e·HCl: To a solution of 8e·2HCl (182 mg, 0.25 mmol) and 1,8-diazabicyclo[5.4.0]undec-7-ene (186 μL, 
1.2 mmol) in acetonitrile (2.1 mL) was added a solution of phosphorus (V) chloride (36 mg, 0.17 mmol) in 
acetonitrile (0.4 mL) over 5 min at 0 ºC and reaction mixture was stirred for 1 h at 0 ºC.  To the reaction 
mixture was added 1,8-diazabicyclo[5.4.0]undec-7-ene (186 μL, 1.2 mmol) and a solution of phosphorus (V) 
chloride (17 mg, 0.08 mmol) in acetonitrile (0.2 mL) again and reaction mixture was stirred for 2.5 h at 0 ºC .  
Then, the reaction was quenched with sat. NH4Cl aq.  The aqueous layer was extracted with dichloromethane.  
The combined organic layer was dried over anhydrous Na2SO4 and concentrated under reduced pressure after 
filtration.  The residual crude product was purified by column chromatography. (dichloromethane/methanol = 
40/1 to 15/1).  To the obtained product was added acetone and the mixture was stirred for 10 h at room 
temperature.  Then, the mixture was filtrated to give the product rac-1e·HCl in 27% yield as a white solid;  
Both enantiomers were isolated by HPLC equipped with a Daicel CHIRALCEL OD (methanol/diethylamine = 
100/0.1, 1.0 mL/min, 200 nm, 40 °C): 15.4 min.: (P)-1e·HCl, 19.0 min.: (M)-1e·HCl. 1H NMR (600 MHz, 
CDCl3): δ1.24 (18H, s), 4.51-4.95 (16H, m), 7.15-7.38 (16H, m), 8.31 (2H, brs); 13C NMR (150 MHz, 
CDCl3): δ 28.7, 35.7 (d, J = 4.26 Hz), 57.2, 57.3, 57.4, 122.6 (d, J = 35.9 Hz), 127.6 (d, J = 45.9 Hz), 137.2 (d, 
J = 8.7 Hz), 137.62 (d, J = 8.6 Hz); 31P NMR (162 MHz, CDCl3):  41.9 (d, J = 49.3 Hz), 45.5 (t, J = 49.3 






















The single crystal of (M)-1e HCl for X-ray crystallographic analysis was obtained by recrystallization from 


















6. Structure Determination of rac-1a·HI by X-Ray Crystallographic Analysis 
Recrystallization of rac-1a HI from acetone/hexane gave a clear needle-like crystal.  The structure of rac-1a 
HI was unambiguously determined by single-crystal X-ray diffraction analysis.  CCDC 964338 contains the 
crystallographic data of this compound.  The data can be obtained free of charge from The Cambridge 









Figure S3-1. ORTEP (left) and schematic (right) drawing of rac-1a·HI. 
 
X-ray Structure Report of rac-1a 
Empirical formula  C20 H32 I N10 P3 
Formula weight  632.37 
Temperature  173(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  C2/c 
Unit cell dimensions a = 17.3136(14) Å α= 90°. 
 b = 11.0620(9) Å β= 91.0540(10)°. 
 c = 28.826(2) Å γ = 90°. 
Volume 5519.9(8) Å3 
Z 8 
Density (calculated) 1.522 Mg/m3 
Absorption coefficient 1.363 mm-1 
F(000) 2560 
Crystal size 0.30 x 0.20 x 0.02 mm3 
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Theta range for data collection 1.41 to 26.00°. 
Index ranges -21<=h<=13, -13<=k<=13, -35<=l<=35 
Reflections collected 13906 
Independent reflections 5405 [R(int) = 0.0159] 
Completeness to theta = 25.00° 99.4 %  
Absorption correction Empirical 
Max. and min. transmission 0.7722 and 0.6852 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5405 / 0 / 311 
Goodness-of-fit on F2 1.034 
Final R indices [I>2sigma(I)] R1 = 0.0262, wR2 = 0.0661 
R indices (all data) R1 = 0.0305, wR2 = 0.0688 
Largest diff. peak and hole 0.735 and -0.673 e.Å-3 
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7. Structure Determination of (M,S,S,S,S)-1b·HCl by X-Ray Crystallographic Analysis. 
Recrystallization of rac-1b·HCl from CH2Cl2/CH3CH(OH)CH3 gave a clear block-like crystal.  The structure 










Figure S3-2. ORTEP (left) and schematic (right) drawing of (M)-1b·HCl.  The solvent molecule 
(CH3CH(OH)CH3) is omitted for clearity. 
X-ray Structure Report of (M)- 1b·HCl 
Empirical Formula C73H76ClN10OP3 
Formula Weight 1237.84 
Crystal Color, Habit colorless, block 
Crystal Dimensions 0.400 X 0.400 X 0.200 mm 
Crystal System monoclinic 
Lattice Type Primitive 
Lattice Parameters a =  10.4784(2) Å 
 b =  28.9424(6) Å 
 c =  10.7669(2) Å 
  =  92.1426(7) o 
 V = 3263.0(1) Å3 
Space Group P21 (#4) 





























Diffractometer R-AXIS RAPID 
Radiation CuK ( = 1.54187 Å) 
Voltage, Current 40kV, 30mA 
Temperature -183.0oC 
Detector Aperture 460 x 256 mm 
Data Images 895 exposures 
 oscillation Range (=54.0, =0.0) 80.0 - 260.0o 
Exposure Rate  12.0 sec./o 
 oscillation Range (=54.0, =90.0) 80.0 - 260.0o 
Exposure Rate  12.0 sec./o 
 oscillation Range (=54.0, =180.0) 80.0 - 260.0o 
Exposure Rate  12.0 sec./o 
 oscillation Range (=54.0, =270.0) 80.0 - 260.0o 
Exposure Rate  12.0 sec./o 
 oscillation Range (=0.0, =0.0) 80.0 - 260.0o 
Exposure Rate  12.0 sec./o 
Detector Position 127.40 mm 
Pixel Size 0.100 mm 
2max 136.5
o 
No. of Reflections Measured Total: 38037 
 Unique: 11784 (Rint = 0.0666) 
 Friedel pairs: 5688 
Corrections Lorentz-polarization 
  Absorption 
  (trans. factors: 0.434 - 0.722) 
Structure Solution and Refinement 
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Structure Solution Direct Methods (SHELX97) 
Refinement Full-matrix least-squares on F2 
Function Minimized Ʃ w (Fo2 - Fc2)2  
Least Squares Weights w = 1/ [ σ2(Fo2) + (0.0862 . P)2  
  + 0.8447 .  P ] 
  where P = (Max(Fo2,0) + 2Fc2)/3 
2qmax cutoff 136.5
o 
Anomalous Dispersion All non-hydrogen atoms 
No. Observations (All reflections) 11784 
No. Variables 794 
Reflection/Parameter Ratio 14.84 
Residuals: R1 (I>2.00s(I)) 0.0505 
Residuals: R (All reflections) 0.0515 
Residuals: wR2 (All reflections) 0.1297 
Goodness of Fit Indicator 1.031 
Flack Parameter (Friedel pairs = 5688) 0.023(12) 
Max Shift/Error in Final Cycle 0.001 
Maximum peak in Final Diff. Map 0.80 e-/Å3 
Minimum peak in Final Diff. Map -0.51 e-/Å3 
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8. Structure Determination of (P)-1c·HCl X-Ray Crystallographic Analysis 
Since the preparation of X-ray grade single crystal of (+)-1c·HCl was unsuccessful, we exchanged the counter 
anion from chloride to bromide using potassium bromide. The optically pure (+)-1c·HBr was recrystallized 
from acetone/hexane/chloroform mixture to give a clear needle crystal. The absolute stereochemistry of the 
optically pure (+)-1c·HBr, derived form (+)-1c·HCl, was determined to be (P)-form by X-ray crystallographic 
analysis. CCDC 964339 contains the crystallographic data of this compound. The data can be obtained free of 








































Figure S3-3. ORTEP (left) and schematic (right) drawing of (P)-1c·HBr.  The solvent molecule (CHCl3) is 
omitted for clearity. 
X-ray Structure Report of (P)-1c·HBr 
Empirical Formula C29H45BrCl3N10P3 
Formula Weight 812.93  
Crystal Color Habit colorless, platelet  
Crystal Dimensions 0.100 X 0.100 X 0.010 mm  
Crystal System monoclinic  
Lattice Type Primitive  
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Lattice Parameters a = 13.826(2) Å  
 b = 9.179(1) Å 
 c = 15.028(2) Å 
 β = 101.479(3)° 
 V = 1868.9(3) Å3 
Space Group P21 (#4)  
Z value 2  
Dcalc 1.444 g/cm3 
F000 840.00  
μ(MoKα) 14.820 cm-1 
Intensity Measurements 
Diffractometer R-AXIS RAPID  
Radiation MoKα (λ = 0.71075 Å)  
Voltage, Current 50kV, 24mA  
Temperature -183.0oC  
Detector Aperture 460 x 256 mm  
Data Images 44 exposures  
ω oscillation Range (χ=45.0, φ=0.0) 130.0 - 190.0o 
Exposure Rate 240.0 sec./o 
ωoscillation Range (χ=45.0, φ=180.0) 0.0 - 160.0o 
Exposure Rate 240.0 sec./o 
Detector Position 127.40 mm  
Pixel Size 0.100 mm  
2θmax 55.0o 
No. of Reflections Measured Total: 18106  
 Unique: 8420 (Rint = 0.0612)  




 Absorption  
 (trans. factors: 0.223 - 0.985) 
Structure Solution and Refinement 
Structure Solution Direct Methods (SHELX97)  
Refinement Full-matrix least-squares on F2 
Function Minimized Ʃ w (Fo2 - Fc2) 2 
Least Squares Weights w = 1/ [ σ2(Fo2) + (0.0471 · P)2 
 + 0.0000 · P ] 
 where P = (Max(Fo2,0) + 2Fc2)/3 
2θmax cutoff 55.0o 
Anomalous Dispersion All non-hydrogen atoms 
No. Observations (All reflections) 8420 
No. Variables 416 
Reflection/Parameter Ratio 20.24  
Residuals: R1 (I>2.00σ(I)) 0.0517  
Residuals: R (All reflections) 0.0653  
Residuals: wR2 (All reflections) 0.1258 S12  
Goodness of Fit Indicator 1.045  
Flack Parameter (Friedel pairs = 3880) -0.022(11)  
Max Shift/Error in Final Cycle 0.000  
Maximum peak in Final Diff. Map 1.16 e-/Å3 
Minimum peak in Final Diff. Map -1.21 e-/Å3 
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9. Structure Determination of (M)-1e·HCl by X-Ray Crystallographic Analysis 
Recrystallization of (M)-1e·HCl from CH2Cl2/CH3CH2CH2OH gave a clear plate-like crystal.  The structure 










Figure S3-4. ORTEP (left) and schematic (right) drawing of (M)-1e·HCl.  The solvent molecule (H2O) is 
omitted for clearity. 
 
X-ray Structure Report of (M)-1e·HCl 
Empirical Formula C40H52ClN10OP3 
Formula Weight 817.29 
Crystal Color, Habit colorless, platelet 
Crystal Dimensions 0.400 X 0.300 X 0.200 mm 
Crystal System orthorhombic 
Lattice Type Primitive 
Lattice Parameters a = 13.1068(18) Å 
 b = 17.315(2) Å 
 c = 18.789(3) Å 
 V = 4264.1(10) Å3 
Space Group P212121 (#19) 




(MoK) 2.465 cm-1 
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Intensity Measurements  
Diffractometer XtaLAB mini 
Radiation MoK ( = 0.71075 Å) 
 graphite monochromated 
Voltage, Current 50kV, 12mA 
Temperature -123.0oC 
Detector Aperture 75.0 mm (diameter) 
Data Images 540 exposures 
 oscillation Range (=54.0, =0.0) -60.0 - 120.0o 
Exposure Rate  64.0 sec./o 
Detector Swing Angle 30.00o  
 oscillation Range (=54.0, =120.0) -60.0 - 120.0o 
Exposure Rate  64.0 sec./o 
Detector Swing Angle 30.00o 
 oscillation Range (=54.0, =240.0) -60.0 - 120.0o 
Exposure Rate  64.0 sec./o 
Detector Swing Angle 30.00o 
 oscillation Range (=54.0, =0.0) -60.0 - 120.0o 
Exposure Rate  64.0 sec./o 
Detector Swing Angle 30.00o 
 oscillation Range (=54.0, =120.0) -60.0 - 120.0o 
Exposure Rate  64.0 sec./o 
Detector Swing Angle 30.00o 
 oscillation Range (=54.0, =240.0) -60.0 - 120.0o 
Exposure Rate  64.0 sec./o 
Detector Swing Angle 30.00o 
Detector Position 50.00 mm 
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Pixel Size 0.073 mm 
2max 55.0
o 
No. of Reflections Measured Total: 35681 
 Unique: 9696 (Rint = 0.0415) 
 Friedel pairs: 4327 
Corrections Lorentz-polarization 
  Absorption 
  (trans. factors: 0.788 - 0.952) 
Structure Solution and Refinement 
Structure Solution Direct Methods (SIR2008) 
Refinement Full-matrix least-squares on F2 
Function Minimized  w (Fo2 - Fc2)2  
Least Squares Weights w = 1/ [ 2(Fo2) + (0.0354 . P)2  
  + 0.6663 .  P ] 
  where P = (Max(Fo2,0) + 2Fc2)/3 
2max cutoff 55.0
o 
Anomalous Dispersion All non-hydrogen atoms 
No. Observations (All reflections) 9696 
No. Variables 513 
Reflection/Parameter Ratio 18.90 
Residuals: R1 (I>2.00(I)) 0.0321 
Residuals: R (All reflections) 0.0354 
Residuals: wR2 (All reflections) 0.0759 
Goodness of Fit Indicator 1.073 
Flack Parameter (Friedel pairs = 4327) -0.00(5) 
Max Shift/Error in Final Cycle 0.001 
Maximum peak in Final Diff. Map 0.22 e-/Å3 
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